Parameters of glucose dynamics recorded by the continuous glucose monitoring system (CGMS) could help in the control of glycemic fluctuations, which is important in diabetes management. Multiscale entropy (MSE) analysis has recently been developed to measure the complexity of physical and physiological time sequences. A reduced MSE complexity index indicates the increased repetition patterns of the time sequence, and, thus, a decreased complexity in this system. No study has investigated the MSE analysis of glucose dynamics in diabetes. This study was designed to compare the complexity of glucose dynamics between the diabetic patients (n ϭ 17) and the control subjects (n ϭ 13), who were matched for sex, age, and body mass index via MSE analysis using the CGMS data. Compared with the control subjects, the diabetic patients revealed a significant increase (P Ͻ 0.001) in the mean (diabetic patients 166.0 Ϯ 10.4 vs. control subjects 93.3 Ϯ 1.5 mg/dl), the standard deviation (51.7 Ϯ 4.3 vs. 11.1 Ϯ 0.5 mg/dl), and the mean amplitude of glycemic excursions (127.0 Ϯ 9.2 vs. 27.7 Ϯ 1.3 mg/dl) of the glucose levels; and a significant decrease (P Ͻ 0.001) in the MSE complexity index (5.09 Ϯ 0.23 vs. 7.38 Ϯ 0.28). In conclusion, the complexity of glucose dynamics is decreased in diabetes. This finding implies the reactivity of glucoregulation is impaired in the diabetic patients. Such impairment presenting as an increased regularity of glycemic fluctuating pattern could be detected by MSE analysis. Thus, the MSE complexity index could potentially be used as a biomarker in the monitoring of diabetes.
diabetes; glucose dynamics; complexity; multiscale entropy analysis; continuous glucose monitoring system THE BLOOD GLUCOSE HOMEOSTASIS system is known to be impaired in diabetes, and an elevated glucose level in the circulation with a subsequent urinary loss is critical in the development of diabetic complications. Sample blood glucose (fasting and postprandial) and glycated hemoglobin (HbA 1c ) are used to monitor glycemic control in diabetes. However, it has been noted that patients with Type 1 diabetes who have lower HbA 1c showed wider distribution and range of blood glucose levels, including hypoglycemia and hyperglycemia, than those with normal glucose tolerance having the same HbA 1c (22) . This indicates that HbA 1c , a mean glycemic measure, could not fully reflect the fluctuations of blood glucose. In addition, unrecognized hypoglycemia and rapid glucose fluctuations are likely to have a poor prognosis (10, 21, 38) . Therefore, the continuous monitoring of blood glucose to reveal the glucose fluctuations would be important in the management of diabetes.
The continuous glucose monitoring system (CGMS) provides a record of sequences of interstitial fluid glucose levels with a short fixed time interval. Because of its multiple and frequent sampling of glucose levels, it may reveal blood glucose fluctuations undetected by traditional blood glucose check up. CGMS can be beneficial in maintaining target levels of glycemia and limiting the risk of hypoglycemia (13) . With CGMS, the glucose dynamics can be characterized, and the hidden signal could be disclosed to facilitate the monitoring and treatment of diabetes. Glucose fluctuation dynamics has been characterized by linear analysis with standard deviation, difference between minimum and maximum, mean amplitude of glycemic excursions (MAGE) (33, 34) , as well as with parameters of spectral analysis (2, 8, 20) . Poincaré plot analysis (14, 19) and detrended fluctuation analysis (24, 36) are newer modalities derived from the nonlinear method.
The complexity of a system is intuitively associated with its "meaningful structural richness" embedded within the system (9) . For the biological systems, complexity refers to the presence of nonrandom fluctuations on multiple time scales in the seemingly irregular dynamics of physiological signals (16) . The dynamics of various human physiological processes are inherently complex (27) . Analogous to other physiological systems, the blood glucose homeostasis system is controlled by multiple mutually interacting systems (hormonal, neural) over multiple time scales. Thus, the dynamics of blood glucose homeostasis system could be regarded as a complex system.
Multiscale entropy (MSE) analysis has recently been developed to measure the complexity of physical and physiological time sequences with a limited number of data points (4) . MSE analysis has been used to study the complexity of heart rate (3, 23, 25, 37) , EEG (7, 35) , gait (5), posture (6) , and intracranial pressure (18) in various kinds of patients. A common finding of these studies is that "loss of complexity" for the studied systems is associated with aging or disease.
The patients with diabetes have an impaired blood glucose homeostasis system and manifest a picture of greater fluctuating blood glucose levels. By the complexity theory, we hypothesized that the complexity of glucose dynamics is impaired in the patients with diabetes. To the best of our knowledge, the glucose dynamics in diabetes has not been investigated using MSE analysis. The aim of this study is to compare the complexity of glucose dynamics between the diabetic patients and the control subjects via MSE analysis using the CGMS data.
METHODS

Subjects.
A group of 17 patients with diabetes from the outpatient clinic of a teaching hospital and a group of 13 control subjects were recruited for this study. The characteristics of these subjects are shown in Table 1 . The diabetes group included both Type 1 and Type 2 diabetes. The diabetes and the control groups were matched for sex, age, height, weight, and body mass index (Table 1) . Diabetic patients were treated with insulin in nine patients and with oral hypoglycemic agents: sulfonylurea in five patients, biguanide in seven patients, and dipeptidyl peptidase-4 inhibitor in five patients. Participants were instructed to eat as their usual content and amount during meals, to avoid eating big meals, to eat meals at typical times, and to avoid rigorous physical activity during the monitoring period. The study protocol was approved by the local ethics committee, and all participants gave their informed consent. The study was conducted according to the principles of the Helsinki declaration.
Measurement of interstitial glucose levels. Subcutaneous interstitial fluid glucose levels were checked every 5 min for 72 h using a continuous glucose monitoring system (CGMS, Medtronic MiniMed, Northridge, CA, USA). The CGMS recorded a total of 288 interstitial glucose level data points ranging from 40 to 400 mg/dl over a 24-h period. With CGMS, the participants are required to self-monitor finger-stick blood glucose by a glucose meter at least four times a day for calibration. After recording, the data in CGMS were downloaded to a personal computer and further extracted to get a glucose sequence for each participant.
Linear analysis. The mean and the standard deviation of the glucose levels were computed for each glucose sequence. The MAGE were calculated by measuring the arithmetic mean of the differences between consecutive peaks and nadirs (33) . Only differences greater than one standard deviation was included for MAGE calculation. We calculated MAGE with both direction (peak-to-nadir and nadir-to-peak) and used the standard deviation computed from the entire 72-h glucose sequence.
Multiscale entropy analysis. The analysis of MSE for a sequence (in this study, the interstitial glucose level sequence measured by the CGMS) consists of three major procedures (3).
First, for a total N points sequence,
, which is the greatest integer less than or equal to N/, were constructed corresponding to the scale factor, , where M is the largest scale factor given. The original sequence was divided into nonoverlapping windows of length . Then, the arithmetic mean of the data points inside each window was computed by the equation:
Thus, a total of M coarse-grained sequences were generated from the original sequence. And, the length of each coarse-grained sequence is [N/]. This is the coarse graining technique.
Second, we computed sample entropy for each coarse-grained sequence. Sample entropy is the negative natural logarithm of conditional probability that two similar sequences of length m remain similar (within a tolerance level, r) when the sequence length increases to m ϩ 1, where self-matches are not included in calculating the probability (29) . We used m ϭ 2 and r ϭ 0.15 of the standard deviation of the original sequence for sample entropy computation, and we set the largest scale factor M ϭ 7 (29) . Sample entropy quantifies the degree of irregularity and unpredictability of an ordered sequence. Greater entropy denotes fewer repetitions of the same pattern in the sequence and thus reflects greater irregularity.
Third, we plotted each calculated sample entropy with respect to the corresponding scale factor and got an MSE plot. Next, the MSE complexity index was defined and calculated by the area under the MSE plot, from ϭ 1 to ϭ M (6). As such, a sequence with greater irregularity over multiple temporal scales has more area under the MSE curve and thus exhibits higher complexity.
Statistical analysis. The Mann-Whitney U-test was used for comparisons of glucose dynamics parameters between the diabetic patients and the control subjects. Correlations were computed by Spearman's correlation coefficient. Statistical significance was assumed for P Ͻ 0.05. Data were expressed as means Ϯ SE. Data were analyzed using SPSS for Windows (SPSS, Chicago, IL). Figure 1 shows the 72-h glucose profile and the MSE plots in a control subject and in a diabetic patient. A larger glucose fluctuation profile was evident in the diabetic patient compared with the control subject. The MSE plot was constructed by calculating sample entropy with respect to each scale factor. For each scale factor, the calculated sample entropy of the diabetic patient was lower than that of the control subject.
RESULTS
The diabetic patients revealed a significant increase (P Ͻ 0.001) in the mean, the standard deviation, and the MAGE of the glucose levels ( Table 2 ). In addition, the MSE complexity index in the diabetic patients was significantly lower than that in the control subjects (diabetic patients 5.09 Ϯ 0.23 vs. control subjects 7.38 Ϯ 0.28, P Ͻ 0.001, Table 2 ). Figure 2 presents the average MSE plots of the control subjects and the diabetic patients. The average MSE plots were constructed by averaging sample entropy with respect to each scale factor in the diabetes and the control groups, respectively. For scale factor 1 to 7, the mean of the sample entropy with respect to each scale factor in the diabetic patients was significantly lower than that in the control subjects ( Fig. 2 and Table 2) .
For correlation analysis, we found that the MSE complexity index was not statistically correlated with the mean, the standard deviation, or the MAGE of the glucose levels in both the control subjects and the diabetic patients. However, there was significant correlation (P Ͻ 0.001) between the standard deviation and the MAGE of the glucose levels in both the control subjects (r ϭ 0.885) and the diabetic patients (r ϭ 0.926).
DISCUSSION
Our results indicate that the MSE complexity index (the sum of sample entropy calculated over multiple scales) was reduced in the diabetic patients compared with that in the control subjects. This suggests that the complexity of glucose dynamics is decreased in diabetes.
Traditionally, frequent blood glucose sampling by glucose meters and HbA 1c are used to monitor the blood glucose profile in the patients with diabetes. However, important glucose changes could be missed by the limited blood glucose sampling number. The HbA 1c denotes the mean blood glucose level over an approximate 3-mo period and cannot fully reflect the fluctuations of blood glucose that is an important factor in the monitoring and management of diabetes. With CGMS, it is feasible to detect the subtle changes of interstitial fluid glucose levels, which reflect blood glucose levels (13) . Parameters used to quantify the glucose data collected by CGMS include mean glucose level, standard deviation, and range. These parameters derived from the linear analytic methods are useful in clinical practice. However, the blood glucose homeostasis system is regulated by multiple nonlinearly mutually interacting systems over multiple time scales in a complex way. It would be more appropriate to use the method of complexity analysis in analyzing the CGMS data, and this could bring new insight into the regulating mechanism of the blood glucose system.
The human physiological systems, as well as those of many other living organisms, are regulated by many mutually interacting controlling mechanisms. These physiological systems are complex with unpredictability in nature, yet they are not completely regular, nor do they exhibit total randomness. By the complexity theory (27) , a healthy physiological system Data are expressed as means Ϯ SE. Mean, mean glucose level; SD, standard deviation of glucose level; MAGE, mean amplitude of glycemic excursions; CI, multiscale entropy complexity index; SE1-7, sample entropy calculated at scale factor 1-7. Differences between means were assessed by Mann-Whitney U-test. Fig. 2 . Average multiscale entropy plots of the control subjects (n ϭ 13) and the diabetic patients (n ϭ 17). Symbols ( for the control subjects and o for the diabetic patients) represent the means of sample entropy with respect to scale factor in each group. Bars represent the SE.
would have a more complex structure in its physiological signals. This complex structure could help the system adapt external perturbation and resist stressors. In such a way, the healthy system could finely adjust its reaction to the stimuli and make a relatively stable homeostatic environment in it. In contrast, the aging or pathological system, due to the malfunction of the regulating loop, would assume a decreased complexity in its physiological signals. Thus, their adaptability to the external changes would be compromised. Such impairment in system complexity could be quantified by adequate analytic methods.
The MSE analysis is one of the nonlinear methods proposed to quantify the complexity of a physical or biological complex system. It calculates the sample entropy of a system over several time scales using the coarse graining technique. Applying MSE analysis, decreased complexity of heart rate dynamics has been observed in aging, as well as in patients with heart failure (3), diabetes (12) , and major depression (15, 32) . It has also been shown that reduction of heart rate complexity calculated by MSE could predict mortality in trauma patients (30) and in congestive heart failure patients (11) . In addition, reduced complexity of EEG in Alzheimer's disease was noted with the MSE analysis (7, 26) . Results from these studies invariantly revealed that "loss of complexity" for the studied systems is associated with aging or disease.
Using MSE analysis of glucose dynamics, we first showed that the MSE complexity index was reduced in the diabetic patients compared with that in the control subjects. The lower MSE complexity index in the patients with diabetes indicates the increased repetitions of glucose fluctuating pattern, and thus the lower complexity in blood glucose homeostasis system for these patients. The decreased complexity of glucose dynamics in the diabetic patients indicates that the reactivity of glucoregulation is impaired in these patients. Patients with diabetes cannot adequately respond to the changes of blood glucose level induced by perturbation, such as meals and exercise. They are unable to reactively secrete adequate amounts of glucose-related hormones, such as insulin and glucagon, to maintain a relatively stable blood glucose level. Therefore, diabetic patients manifest both a greater fluctuating blood glucose profile (indicated by the increased standard deviation and MAGE of the glucose levels) and an increased regularity of blood glucose fluctuating pattern (indicated by the decreased MSE complexity index) compared with the control subjects.
Our results revealed reduced MSE complexity index in the patients with diabetes, and this implies the loss of complexity of blood glucose dynamics in these patients. This decreased complexity of glucose dynamics could be attributed to the impaired glucose controllability noted in the patients with diabetes. These results are consistent with previous studies and support the notion that "loss of complexity" is associated with aging and disease. Thus, the parameter derived from MSE analysis of glucose dynamics could be used as a biomarker to distinguish the diabetic patients from the control subjects.
For correlation analysis, we disclosed that there was significant correlation between the standard deviation and the MAGE of the glucose levels in both the control subjects and the diabetic patients. This finding is consistent with previous reports (31) . In addition, we found that the MSE complexity index had no significant correlation with the mean, the standard deviation, or the MAGE of the glucose levels in both the control subjects and the diabetic patients. This indicates that the MSE complexity index is a new parameter for analyzing CGMS data. The standard deviation and the MAGE of the blood glucose levels denote the degree of swinging in glycemic amplitude. However, the MSE complexity index reflects the temporal relationships of glycemic patterns within the blood glucose profile. This parameter gives new insight into the understanding of the mechanism for the impaired glucoregulation in diabetes. Future studies could be directed to examine whether the MSE complexity index of blood glucose dynamics could be used as an indicator to evaluate the effects from changes of different modalities (e.g., life style modification and drugs) given to the patients with diabetes.
There are some limitations to the present study. First, in this study, the variations of meals, activities, and medications of the participants were not strictly controlled, and these factors may confound the glycemic profile. Second, we estimated the blood glucose levels from the interstitial fluid using the CGMS. This is a common limitation resulting from the sensor limitation of the CGMS. Although the interstitial glucose level could not completely signify the blood glucose level, it has been shown that the interstitial glucose level with some time lag is highly correlated with the plasma glucose level (1, 17, 28) .
In conclusion, we found that the MSE complexity index calculated from the MSE analysis of glucose dynamics was reduced in the diabetic patients compared with that in the control subjects. This suggests that the complexity of glucose dynamics is decreased in diabetes. Such a finding implies the reactivity of glucoregulation is impaired in the diabetic patients. This impairment, which is shown as an increased regularity of glycemic fluctuating pattern, could be detected by MSE analysis.
Perspectives and Significance
This study revealed that diabetes is characterized by an increased regularity of glycemic fluctuating pattern via the MSE analysis of the CGMS data. Future studies could be directed toward elucidating whether the MSE complexity index could be used as a biomarker in the monitoring and the evaluation of the effectiveness with various treatment modalities in diabetes.
